Graded or "quantal" Ca 2؉ release from intracellular stores has been observed in various cell types following activation of either ryanodine receptors (RyR) or inositol 1,4,5-trisphosphate receptors (InsP 3 R). The mechanism causing the release of Ca 2؉ stores in direct proportion to the strength of stimulation is unresolved. We investigated the properties of quantal Ca 2؉ release evoked by activation of RyR in PC12 cells, and in particular whether the sensitivity of RyR to the agonist caffeine was altered by lumenal Ca 2؉ . Quantal Ca 2؉ release was observed in cells stimulated with 1 to 40 mM caffeine, a range of caffeine concentrations giving a >10-fold change in lumenal Ca 2؉ content. The Ca 2؉ load of the caffeine-sensitive stores was modulated by allowing them to refill for varying times after complete discharge with maximal caffeine, or by depolarizing the cells with K ؉ to enhance their normal steady-state loading. The threshold for RyR activation was sensitized ϳ10-fold as the Ca 2؉ load increased from a minimal to a maximal loading. In addition, the fraction of Ca 2؉ released by low caffeine concentrations increased. Our data suggest that RyR are sensitive to lumenal Ca 2؉ over the full range of Ca 2؉ loads that can be achieved in an intact PC12 cell, and that changes in RyR sensitivity may be responsible for the termination of Ca 2؉ release underlying the quantal effect.
A change in cytosolic Ca 2ϩ concentration (Ca 2ϩ cyt ) 1 serves as a signal for modulating a wide range of cellular activities (1-3). A major mechanism for increasing Ca 2ϩ cyt is release of Ca 2ϩ from internal stores (endoplasmic or sarcoplasmic reticulum; ER or SR) via inositol 1,4,5-trisphosphate receptors (InsP 3 R) and ryanodine receptors (RyR). (1, 4, 5) . These Ca 2ϩ release channels are widely expressed, and have structural and functional homology (1, 4, 5) . Activation of RyR or InsP 3 R can give rise to spatially and temporally complex Ca 2ϩ signals such as Ca 2ϩ waves and oscillations (2, 6, 7) . Several studies have revealed that RyR and InsP 3 R release Ca 2ϩ from intracellular stores in direct proportion to the strength of stimulation (8 -20) . Such graded or "quantal" Ca 2ϩ release is paradoxical since both InsP 3 R and RyR display the autocatalytic property of Ca 2ϩ -induced Ca 2ϩ release, which could be predicted to release the entirety of the intracellular Ca 2ϩ stores once release is initially activated. Although, as originally envisaged (8) , the term "quantal Ca 2ϩ release" has been used to imply the all-or-none release of discrete Ca 2ϩ pools, many workers have used the term to simply denote situations where the release of Ca 2ϩ from intracellular stores occurs in a graded manner. Other nomenclature, such as "incremental Ca 2ϩ release" (10) and "partial Ca 2ϩ release" (21) have been used to describe graded Ca 2ϩ release and avoid mechanistic connotations, but these terms all describe the same basic phenomenon.
The mechanism underlying quantal Ca 2ϩ release is unclear, although several schemes have been proposed, including inactivation/adaptation of InsP 3 R and RyR (22) (23) (24) (25) , all-or-none release from functionally discrete Ca 2ϩ stores bearing InsP 3 R and RyR with distinct sensitivities (8, 17, 26) , control of InsP 3 R and RyR opening by the Ca 2ϩ concentration within the lumen of the ER/SR (19, (27) (28) (29) , and a compensatory increase in Ca 2ϩ -ATPase activity (30) . Although all of the proposed schemes have received some experimental support, none of them has as yet been universally accepted as the mechanism underlying quantal Ca 2ϩ release (for review, see Refs. 21, 31, and 32) . In the present study, we investigated the properties of quantal Ca 2ϩ release evoked by activation of RyRs in intact PC12 cells, and in particular whether the sensitivity of RyRs to the agonist caffeine was altered by the lumenal Ca 2ϩ load. Our data suggest that changing the loading status of the Ca 2ϩ stores from almost empty to maximally full can substantially enhance the sensitivity of RyRs to the agonist caffeine. The positive correlation between Ca 2ϩ release and the ER Ca 2ϩ content supports the idea that decreases in lumenal Ca 2ϩ underlies quantal Ca 2ϩ release.
EXPERIMENTAL PROCEDURES
Cell Culture-Cells were cultured as described previously (33) with minor modification. PC12 cells were obtained from the National Institute of Health Sciences (Tokyo, Japan). All cells used in the present study were between passages 53 and 68. Cells were grown on tissue culture flasks (75 cm 2 ) in 85% RPMI growth medium (Life Technologies, Inc.) supplemented with L-glutamine, 10% horse serum, 5% fetal calf serum, 100 units/ml penicillin, 100 g/ml streptomycin and buffered with 2.2 g/liters NaHCO 3 . Cells were incubated in a humidified atmosphere (95% air and 5% CO 2 ) at 37°C, and the medium was changed 3 times per week. Cells were plated onto poly-L-lysine-coated glass coverslips at a density of 1 ϫ 10 6 cells/dish 2 days before use. The emission signal at 510 nm was collected by a chargecoupled device intensifying camera (Photonics Science, Robertsbridge, United Kingdom), and the digitized signals were stored and processed using an Imagine image processing system (Synoptics Ltd., Cambridge, UK) as described previously (13) . Stimuli and reagents were added to the cells either as a bolus by pipette, or using solenoid-switched gravityfed perfusion tubes positioned near to the cells. All experiments were performed at room temperature (22 Ϯ 2°C).
Measurement of Ca
Calculation Differentiation of PC12 Cells-Differentiation of the PC12 cells was induced by reducing each serum concentration by 50%, and by adding 100 ng/ml nerve growth factor (7 S fraction, TOYOBO Co. Ltd., Japan). The cells were maintained for at least 7 days in the nerve growth factor-containing medium before use. The medium was changed every 2 days.
Materials-Caffeine and ryanodine were from Sigma, fura-2 AM was from Molecular Probes (Eugene, OR), and cell culture materials were from Life Science Technologies, Inc. Where possible, analytical quality reagents were used.
RESULTS

Quantal Ca
2ϩ Release from RyR in PC12 Cells-Application of increasing caffeine concentrations (1-40 mM) to fura-2-loaded PC12 cells evoked a dose-dependent Ca 2ϩ cyt increase (Fig. 1A) , with a half-maximal caffeine concentration of ϳ11 mM, and maximal release at 40 mM caffeine. A similar graded response to caffeine was observed in the presence or absence of extracellular Ca 2ϩ (Ca 2ϩ o ) (Fig. 1B ). To determine whether or not such graded release was quantal, the cells were stimulated continuously with various caffeine concentrations until the Ca 2ϩ cyt responses had declined. The cells were subsequently tested with a maximal caffeine dose. In keeping with the quantal concept, the low caffeine concentrations were incapable of depleting the entire caffeinesensitive Ca 2ϩ pool despite the prolonged application in Ca ofree medium (Fig. 2A) . The Ca 2ϩ cyt signal evoked by low caffeine concentrations was inversely proportional to that evoked by the maximal caffeine concentration (Fig. 2B) .
The graded recruitment of the caffeine-sensitive Ca 2ϩ pool in PC12 cells could also be observed by successive application of increasing caffeine concentrations in Ca Release-Although the caffeine-evoked steady-state activity of RyR in bilayers has been recorded for many tens of minutes (35), these channels have been shown to display a much higher open probability upon initial activation by Ca 2ϩ cyt , after which the P o rapidly declines if the stimulus is still present (36) . Since caffeine activates RyR by sensitizing them to Ca 2ϩ cyt (37) , it is plausible that such adaptation could occur in the presence of caffeine, and could therefore account for the quantal responses depicted in Figs. 1 and 2. Indeed, adaptation is probably the most commonly suggested mechanism for quantal Ca 2ϩ release from RyRs (22, 23, 38, 39) . To examine the contribution of adaptation to the quantal responses observed from PC12 cells, we stimulated cells with caffeine in a pulsatile manner. Repeated application of 40 mM caffeine at 3-min intervals (30 s caffeine applications) evoked consistent Ca 2ϩ cyt increases (Fig. 3A) . Shortening the time between caffeine applications caused the responses to decrease in amplitude, most likely due to the inability of the Ca 2ϩ pool to fully reload in less than 3 min (see below). Extending the interval between caffeine applications to greater than 3 min did not significantly increase the Ca 2ϩ cyt response (Fig. 3A) . These 
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data indicate that the RyRs in PC12 cells are able to maximally respond providing there is an interval of at least 3 min between successive stimulations. Similar repetitive responses were obtained using lower caffeine concentrations (data not shown). Therefore, if the RyRs did adapt to the caffeine stimulus, such adaptation was completely reversed in the 3-min interval before the next caffeine application.
Pulsatile application of 40 mM caffeine in Ca 2ϩ o -free medium evoked a series of responses with progressively diminishing amplitudes (Fig. 3B) , consistent with the observation that the Ca 2ϩ released by caffeine is exported from the cell. In addition, these data indicated that negligible refilling of the intracellular Ca 2ϩ stores took place in the Ca ofree medium (30-s application; 3-min interval) also evoked a series of responses with diminishing amplitudes. However, this was not due to complete depletion of the caffeine-sensitive Ca 2ϩ pool, as in the case of a maximal caffeine concentration, since subsequent application of 40 mM caffeine evoked a further robust response. If the RyR adapted or were inactivated by the presence of caffeine, it would be expected that each 5 mM caffeine stimulation would have progressively released the intracellular Ca 2ϩ pool until it was fully depleted. In contrast, our data suggest that adaptation to a cytosolic stimulus does not underlie quantal Ca 2ϩ release from RyR in PC12 cells.
Regulation of RyR Sensitivity by lumenal Ca 2ϩ
Content-The data presented above indicates that the caffeine-sensitive Ca 2ϩ pool can be released in a concentration-dependent manner (Fig.  1) . Each concentration of caffeine releases a fraction of the store, and then fails to have any effect, but leaves a smaller Ca 2ϩ pool for the next caffeine concentration to discharge (Fig.  2) . Since Ca 2ϩ within the lumen of the stores has been proposed to regulate the activation of RyR (40 -42), we therefore investigated the changes in lumenal Ca 2ϩ content caused by various caffeine concentrations, to see whether termination of Ca 2ϩ release was correlated with lumenal Ca 2ϩ load. Caffeine concentrations of 1, 5, 10, or 20 mM were applied to cells in a pulsatile manner until there were no further responses (Figs. 4, A-D) . This point was taken to be the threshold lumenal Ca 2ϩ concentration at which the RyR were no longer sensitive to the stimulating caffeine concentration. The total caffeine-releasable store was then emptied by application of 40 mM caffeine. The threshold lumenal Ca 2ϩ content was estimated by converting the peak response to 40 mM caffeine into a value for "actual Ca 2ϩ release" (see "Experimental Procedures"). The averaged responses (Fig. 4E) show that the quantal Ca 2ϩ release pattern evoked by 1-20 mM caffeine is associated with a concentration-dependent reduction in the lumenal Ca 2ϩ load over a ϳ10-fold range. These data are consistent with the idea that Ca 2ϩ release evoked by low caffeine concentrations becomes inhibited as the lumenal Ca 2ϩ concentration decays. 
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To further investigate the regulation of RyR sensitivity by lumenal Ca 2ϩ , we modulated the Ca 2ϩ load within the stores. This was done by treating cells with 40 mM caffeine in Ca ofree medium to completely empty their stores, and then subsequently allowing them to refill for variable periods of time. Reloading of the caffeine-sensitive Ca 2ϩ pool to a steady state level required ϳ300 s, with a half-time of ϳ60 s (data not shown). In addition, the steady-state loading of the stores could be enhanced by approximately 40% following a brief depolarisation of the cells with high a K ϩ solution (see "Experimental Procedures") (data not shown).
The effect of different store loads on the responsiveness to caffeine was examined as shown in Fig. 5 . Prior to reloading, the caffeine-sensitive Ca 2ϩ stores were depleted by sequentially applying increasing caffeine concentrations in Ca 2ϩ o -free medium. Following reloading, the same caffeine solutions were applied and the Ca 2ϩ cyt signals at each caffeine concentration were monitored. The example traces in Fig. 5A indicate the typical pattern of responsiveness observed. In the absence of store loading, there was no effect of the second sequence of caffeine solutions (Fig. 5A, a) . Responsiveness to caffeine returned when the cells were allowed to reload for variable times (Fig. 5A, b-e) . The most effective reloading was achieve by stimulating with KCl to depolarize the membrane (Fig. 5A, f) . Enhanced Ca 2ϩ store loading had two significant effects; the threshold for caffeine-evoked Ca 2ϩ release declined (Fig. 5B) , and lower caffeine concentrations released greater proportions of the stored Ca 2ϩ (Fig. 5C ). The former effect indicates that increased lumenal Ca 2ϩ load increases the sensitivity of the RyR to caffeine. The typical threshold caffeine concentration was 10 mM after a 10-s reloading period, while cells commonly responded to 1 mM caffeine after KCl treatment (Fig. 5B) . The apparent lack of responsiveness of cells with low lumenal Ca 2ϩ loads to the lesser caffeine concentrations was not due to our inability to monitor the small changes in Ca 2ϩ cyt that would arise from poorly loaded cells. For example, with a 10-s reloading period, responses to 20 and 40 mM caffeine were easily apparent (Fig. 5A, b) , and since 5 mM caffeine, for example, releases on average ϳ40% of the total caffeine-sensitive Ca 2ϩ pool (Fig. 2B) we would have been able to monitor a release triggered by 5 mM caffeine above the noise (S.E. typically Ϯ 0.2 nM) in our system. The second effect of enhanced lumenal Ca 2ϩ loading was that the fractional release of Ca 2ϩ shifted to lower caffeine concentrations (Fig. 5C ). With 5 mM caffeine, for example, the fractional release of Ca 2ϩ increased ϳ5-fold from 12.7% after a 10-s refilling to 65.1% following KCl treatment. The effects of KCl on the loading of the stores and the enhanced sensitivity of cells to caffeine were both transient. Postincubation of cells in control buffer for 5 min following KCl treatment reversed both the enhanced loading and the increased sensitivity (data not shown).
Even at steady state conditions there was considerable variability in the actual Ca 2ϩ content of the stores between individual cells. Such variation could underlie the heterogeneity of the responses of naive cells to caffeine, such as the different thresholds for caffeine-induced Ca 2ϩ release (Fig. 2C) . We therefore investigated whether the normal variability of the lumenal Ca 2ϩ load affected the sensitivity of the cells to caffeine. Cells in Ca 2ϩ o -free medium were sequentially stimulated with 1, 5, 10, 20, and 40 mM caffeine, using the protocol depicted in Fig. 2C . The Ca 2ϩ release evoked by each caffeine application was summed to give a measurement of the starting Ca 2ϩ content of the stores in each cell, and to calculate the fraction of Ca 2ϩ release evoked by each caffeine concentration. Consistent with the effects of changing the lumenal Ca 2ϩ by varying the store reloading period (Fig. 5) o -free medium (Fig. 7A) . As expected, the pulsatile caffeine application caused depletion of the Ca 2ϩ stores within the stimulated region (Fig. 7B, b) . However, subsequent bath application of the same caffeine concentration to the whole cell was unable to evoke Ca 2ϩ cyt increases in any part of the cell (Fig. 7B, c) . The lack of Ca 2ϩ cyt increase following bath application of 5 mM caffeine was not due to complete emptying of the intracellular stores, since all regions of the cell were able to respond to subsequent application of 40 mM caffeine. As the entire cell was sensitive to 5 mM caffeine under steady-state conditions (cf. first caffeine application in Fig. 7B, b and c) , these data suggest that the release of Ca 2ϩ from the region of the cell stimulated with pulsatile 5 mM caffeine applications was able to lower the sensitivity of RyRs throughout the entire cell.
DISCUSSION
Quantal Ca 2ϩ release is an outstanding problem in the Ca 2ϩ signaling field in that it is an almost universal observation made using many different cell types for over a decade, yet there is little consensus concerning the mechanism underlying the graded release of Ca 2ϩ from intracellular stores (31, 32) . Both InsP 3 R and RyR have been found to display quantal Ca 2ϩ release, and although the majority of studies have investigated InsP 3 R, it seems that both Ca 2ϩ channels can give analogous quantal release patterns. These observations are perhaps not surprising given the conserved structural and functional homology between InsP 3 R and RyR (see Introduction), and they point to a common mechanism that can terminate Ca 2ϩ release from the ER or SR.
The inability of low levels of stimulation to release all of the intracellular Ca 2ϩ pool could conceivably have a trivial explanation, such as a compensating increase in Ca 2ϩ -ATPase activity (30) or Ca 2ϩ pool fragmentation (44) . However, many of the observed quantal responses cannot be accounted for by these simple possibilities. Instead it appears that the quantal effect is most likely due to abrupt changes in the open probability of Ca 2ϩ release channels, either caused by changes in lumenal Ca 2ϩ concentration (19, 12, 27) , or following adaptation/inactivation of InsP 3 R and RyR (22, 23, 25) . Alternatively, quantal Ca 2ϩ release has been proposed to be due to progressive recruitment of functionally discrete Ca 2ϩ stores that have different intrinsic sensitivities, and which release their Ca 2ϩ in an all-or-none manner (8, 13, 14, 17, 26, 45) . In the present study, we investigated the mechanisms underlying quantal responses from RyRs in caffeine-stimulated PC12 cells, and in Adaptation is a novel form of channel inactivation whereby the activity of Ca 2ϩ release channels declines during prolonged exposure to activator stimuli. This mechanism was first proposed to account for the graded release of Ca 2ϩ from the SR in cardiac myocytes during different depolarization steps (36) , and was subsequently suggested to also underlie quantal responses from RyR in other cell types (23, 39, 42) . Intrinsic inactivation of InsP 3 R has also been reported, and proposed as a quantal mechanism (Refs. 24 and 25; but see Refs. [45] [46] [47] [48] [49] .
Adaptation or inactivation of Ca 2ϩ release could plausibly account for quantal Ca 2ϩ release during prolonged stimulation. However, it is important to note that adaptation or inactivation of both InsP 3 R and RyR to cytosolic stimuli reverses rapidly upon removal of the stimulus. Since caffeine evoked consistent responses when applied in a pulsatile manner under conditions where the Ca 2ϩ stores could refill (Fig. 3A) , it appears that adaptation or inactivation cannot have a long-lasting effect on the RyR in PC12 cells. It is therefore difficult to reconcile the lack of response to pulsatile applications of low caffeine concentrations in Ca 2ϩ o -free medium (Fig. 3C ) with a scheme involving adaptation to caffeine. Similar results have been reported for RyR in intact caffeine-stimulated chromaffin cells (17) , and for InsP 3 R in intact (18) or permeabilized (19, 50) cells following pulsatile application of agonist or InsP 3 , respectively.
Although the experiments using pulsatile application of stimuli are rather simple, they do argue that adaptation or inactivation of RyR to a cytosolic stimulus is not essential for quantal Ca 2ϩ release. Our previous demonstration of such responses during pulsatile application of caffeine to adrenal chromaffin cells was discounted on the basis that it applied only to the RyR expressed in those cells (23) . We have therefore repeated these experiments using PC12 cells, which express the same RyR isoform as cardiac myocytes (51, 52), and observed essentially the same result (Fig. 3) . Adaptation or inactivation has been frequently invoked as an explanation for quantal Ca 2ϩ release from both RyR and InsP 3 R. However, it cannot explain all the quantal responses observed thus far. Indeed, for InsP 3 R, the bulk of studies that have investigated a role for inactivation in generating quantal responses have concluded that it is not apparent (45) (46) (47) (48) .
The activation of both InsP 3 R and RyR has been suggested to be sensitive to lumenal Ca 2ϩ , although this is not universally accepted, particularly for InsP 3 R. The way in which lumenal Ca 2ϩ may sensitize Ca 2ϩ release is not fully established, but may involve direct binding to the channels (53) or allosteric effects of intermediary Ca 2ϩ -binding proteins such as calsequestrin (54) . In the present study, increasing lumenal Ca 2ϩ not only enhanced the proportion of stored Ca 2ϩ that was released by a low caffeine concentration (Fig. 6C) , but also decreased the caffeine concentration necessary to evoke Ca 2ϩ release (Fig. 6B) Fig. 5 ), there was a 10-fold decrease in the threshold (from 10 to 1 mM caffeine). In a previous study, we found that augmenting the Ca 2ϩ load of the intracellular stores significantly increased the frequency of spontaneous "elementary" Ca 2ϩ release events in PC12 cells (55) , consistent with the idea that lumenal Ca 2ϩ enhances the opening of RyR. Our data also suggest that differences in the steady-state lumenal Ca 2ϩ content may contribute to the normally variable sensitivity of PC12 cells to caffeine (Fig. 7) .
The ability of lumenal Ca 2ϩ to alter the sensitivity of RyRs to caffeine may underlie the quantal Ca 2ϩ responses observed in this study. With each application of caffeine in Ca 2ϩ o -free medium, there would be a decrease in lumenal Ca 2ϩ content (Fig.  4) , which would thereby reduce the sensitivity of RyR to caffeine so that a higher caffeine concentration would be necessary to evoke additional Ca 2ϩ release. Consistent with this scheme, we observed that depletion of lumenal Ca 2ϩ stores by application of caffeine in one region of a cell could globally reduce the sensitivity of RyR to that caffeine concentration (Fig. 7) . Such global desensitization of caffeine responsiveness by a local caffeine application also argues against any contribution of adaptation or inactivation of RyR by cytosolic stimuli to the quantal response, since channels that were not stimulated with caffeine showed the same lack of activity as those RyR that had been stimulated.
In previous investigations of quantal Ca 2ϩ release from RyR in adrenal chromaffin cells, we suggested that the concentrationdependent emptying of the caffeine-sensitive Ca 2ϩ pool was due to the all-or-none emptying of functionally discrete pools (14, 17) . This conclusion was largely based on the observation that treatment of cells with low caffeine concentrations in the presence of ryanodine locked a fraction of the intracellular RyR in an open subconductance state, but these constitutively open channels could not fully deplete the caffeine-sensitive Ca 2ϩ pool (similar results were obtained for PC12 cells; data not shown). In undertaking the present study, we did not expect to find such a strong correlation between luminal Ca 2ϩ content and caffeine sensitivity. However, in light of the results obtained, we have to revise our former conclusions and suggest that the all-or-none model does not account for quantal responses. The most plausible explanation for our previous data (14, 17) is that even RyR locked in the open state are sensitive 47 ). However, the Ca 2ϩ stores in permeabilized cells can be loaded substantially beyond the normal steadystate loading found in intact cells, in which case the "window" over which lumenal Ca 2ϩ can affect channel sensitivity could appear to be insignificant. We feel it is therefore significant to show that the change in RyR sensitivity was seen over the full range of Ca 2ϩ loads that can be obtained in intact PC12 cells. Previous studies using intact cells, where lumenal Ca 2ϩ was directly monitored using targeted aequorin have also pointed to a control of InsP 3 R and RyR function by Ca 2ϩ within the stores of various cell types (57, 58) . One of the most substantial examples of changes in lumenal Ca 2ϩ having a physiological consequence for RyR function was recorded using x-ray microprobe analysis in hippocampal CA3 neurons (59) . Trains of action potentials enhanced the lumenal Ca 2ϩ load from resting levels of ϳ3.5 to Ͼ72 mmol/kg dry weight. Such increases in lumenal Ca 2ϩ are known to greatly enhance the activation of RyR by depolarizing stimuli, leading to substantial amplification of Ca 2ϩ cyt signals by Ca 2ϩ -induced Ca 2ϩ release (60) . In summary, our data indicate that lumenal Ca 2ϩ plays a role in adjusting the sensitivity of RyR to caffeine. Indeed, differences in the steady-state Ca 2ϩ load appears to underlie the variable sensitivity of the cells to caffeine. RyR adaptation does not appear to cause the quantal pattern of Ca 2ϩ release. Instead, the decrease in sensitivity of Ca 2ϩ release caused by declining lumenal Ca 2ϩ content may be responsible for the termination of RyR activity, thereby causing graded mobilization of the Ca 2ϩ pool.
